Aims/hypothesis Not all obese individuals display the metabolic disturbances commonly associated with excess fat accumulation. Mechanisms maintaining this 'metabolically healthy obesity ' (MHO) are as yet unknown. We aimed to study different fat depots and transcriptional pathways in subcutaneous adipose tissue (SAT) as related to the MHO phenomenon.
Introduction
Obesity is associated with a cluster of metabolic disturbances including insulin resistance, dyslipidaemia and high blood pressure. A sizable subgroup (10-40%) of obese individuals, however, seems to be protected from these disturbances [1] [2] [3] [4] .
The mechanisms behind the remarkably different outcomes of obesity are not yet well understood. Many [5] [6] [7] [8] [9] [10] [11] but not all [12] cross-sectional studies have shown that the metabolically healthier, insulin-sensitive obese individuals have less visceral adipose tissue (VAT), and less ectopic fat deposition in the liver [12] and skeletal muscle [7, 12, 13] than insulin-resistant obese individuals. A few studies also report that fatty liver remains the main correlate of insulin resistance independent of overall fat, VAT [14] and intramyocellular fat [15] . Such data suggest that low liver fat is a hallmark of metabolically more benign obesity. Interestingly, the proportion of the obese population without excess liver fat [16] is in the same range as that observed for metabolically healthy obesity (MHO) [1, 2] .
It has been hypothesised that ectopic fat accumulation is caused by an inadequate subcutaneous adipose tissue (SAT) enlargement [17] . Indeed, lipodystrophic patients with total or partial absence of SAT have severe ectopic fat accumulation and insulin resistance [18] . In obesity, depression of SAT lipid storage after meals is related to abdominal obesity [19] . Furthermore, in normal-weight men, defective expression of lipid storage genes in SAT (DGAT2, SREBP1c [also known as SREBF1] and CIDEA) favours VAT accumulation during prolonged overfeeding [20] . These data suggest that handling of incoming energy in SAT is a key process in the prevention of VAT and perhaps also of ectopic fat.
Mitochondria, the organelles responsible for harvesting energy from food, are essential in the adipocyte differentiation programme [21] . Within human adipose tissue, mitochondrial DNA (mtDNA) copy number correlates with basal and insulin-stimulated lipogenesis [22, 23] , suggesting that the enlargement of SAT is dependent on mitochondrial activity. We have earlier shown in obese (as compared with lean) monozygotic (MZ) co-twins that SAT mtDNA copy number and mitochondrial gene expression, especially branched-chain amino acid (BCAA) catabolism [24] and oxidative phosphorylation [25] pathways, are significantly downregulated in obesity. Low BCAA catabolism in SAT correlated with increased liver fat, whole-body insulin resistance and an inflammatory transcription profile in SAT [24] . Increased expression of inflammatory markers in SAT have previously been found to characterise obese women with high liver fat content compared with equally obese women with normal liver fat [26] . While definite causation cannot be claimed, the data suggest that inflammation and mitochondrial dysfunction in SAT underlie the development of the fatty liver. However, whether or not remaining free of these pathologies characterises MHO has not yet been studied.
Genetic and multiple environmental factors, as well as age, sex and age of onset of weight gain, may play a role in an individual's metabolic response to obesity. In the present study, we used a rare MZ obesity-discordant twin-pair design, which uniquely enables the control for genetic background, early development and environment, age and sex between obese and lean individuals [27] . In this contemporary collection of MZ twin pairs, we set out to study the relative contributions of different fat depots and their characteristics in relation to the development of obesity-associated pathological sequelae and insulin resistance. Concordant twin pairs were also included in the study for comparison purposes and to provide a wider distribution of within-pair differences in BMI.
Methods
Participants This study included 16 obesity-discordant (within-pair difference [Δ] in BMI ≥3 kg/m 2 ) and 11 concordant MZ pairs (ΔBMI <3 kg/m 2 ), identified from ten full birth cohorts of Finnish twins (n =5,417 families) [28] . Detailed description of the twins has been published previously [29] . In short, all pairs were white, with a mean age of 28.9 years (range 22.8-35.8 years). One obese co-twin had type 2 diabetes and used metformin and insulin. Another obese co-twin had inactive ulcerative colitis and used mesalazine and azathioprine. All other participants were healthy and normotensive and did not take any medications except for oral contraceptives. The study protocols were approved by the ethical committee of the Hospital District of Helsinki and Uusimaa, Finland. Written informed consent was obtained from all participants.
Body composition Weight, height, whole-body fat (dual energy x-ray absorptiometry [DXA]), abdominal subcutaneous and intra-abdominal fat (MRI) and liver fat (magnetic resonance spectroscopy [MRS]) were measured as described previously [29] .
Blood tests and OGTT A 75 g OGTT was performed, after participants had fasted for 12 h overnight, to calculate HOMA-IR [30] , Matsuda index [31] and insulinogenic index [32] . The twin with type 2 diabetes was not included in the OGTT analyses. Plasma glucose was measured using the spectrophotometric hexokinase and glucose-6-phosphate dehydrogenase (Roche Diagnostics, Basel, Switzerland) and serum insulin with time-resolved immunofluorometric assay (Perkin Elmer, Waltham, MA, USA). Additionally, fasting samples were used for determination of serum highsensitivity C-reactive protein (hsCRP) (Cobas CRP[Latex]HS; Roche Diagnostics), plasma leptin and adiponectin (DuoSet ELISA; R&D Systems Europe, Abingdon, UK), serum total and HDL-cholesterol and triacylglycerol (Roche Diagnostics) and calculation of LDL-cholesterol by the Friedewald formula. The amino acids were analysed with Leco Pegasus 4D GC×GC-TOFMS instrument (Leco, St Joseph, MI, USA) as described previously [33] . Supine blood pressure was measured using a sphygmomanometer (mean of three measurements).
SAT analyses Biopsies of periumbilical SAT were obtained under local anaesthesia by a surgical technique and snapfrozen in liquid nitrogen for the extraction of total RNA (RNeasy Lipid Mini Kit; Qiagen, Venlo, the Netherlands) in 15 discordant and 11 concordant pairs. Transcriptomics analyses were performed by the Affymetrix U133 Plus 2.0 chips. The raw expression data were normalised using the GeneChip robust multiarray averaging algorithm and analysed using the GeneSpring GX 7.3 software (Agilent Technologies, Santa Clara, CA, USA). Based on the GO enrichment analysis and prior results, six pathways of interest-'branched-chain amino acid (BCAA) catabolism' (gene ontology [GO] : 009083), 'fatty acid β oxidation' (GO: 0006635), 'oxidative phosphorylation' (GO: 0006119), 'triacylglycerol synthesis' (GO: 0019432), 'white adipose cell differentiation' (GO: 0050872) and 'chronic inflammatory response, CIRP' (GO: 0002544)-were selected, for which a mean centroid value (a geometric mean of the pathway) was constructed to represent an average activity of each of the pathways [24] . Details of the pathways and their constituents can be found in ESM Table 1 . Individual transcript levels were used for leptin (probe 207092_at), adiponectin (207175_at) and hormone-sensitive lipase (LIPE) (208186_s_at). Transcript levels of leptin, adiponectin, LIPE and MCP1 (also known as CCL2) were validated by quantitative PCR (iQ5 Real-Time PCR Detection System; Bio-Rad, Hercules, CA, USA) in 14 discordant pairs. Samples were run in triplicate and the comparative Ct method was applied using four housekeeping genes (B2M, YWHAZ, PPIA and RPLP0) (primers available upon request). Spearman correlations between quantitative PCR and Affymetrix were: leptin r =0.82, adiponectin r =0.71, LIPE r =0.58 and MCP1 r =0.94 (all p <0.002).
The diameter of fat cells was measured under a light microscope from fresh biopsies treated with collagenase. Fat-cell volume and weight were calculated assuming the adipocytes to be spheres and the density of human triacylglycerol to be 0.915 g/ml [34] . The total number of fat cells in an individual was obtained by dividing the DXA-derived total body fat (kg) by the mean weight of a single cell.
Diet, alcohol intake, smoking and physical activity Dietary intake was assessed from 3-day food records and analysed by the Diet32 program (Aivo), based on a national Finnish database for food composition (Fineli, www.fineli.fi, National Institute for Health and Welfare, Nutrition Unit, Helsinki, Finland). Information on smoking and weekly alcohol intake during the past 4 weeks was obtained by structured questionnaires and total physical activity by the Baecke questionnaire [35] .
Statistical analyses Statistical analyses were performed with Stata statistical software (release 11.0; Stata Corporation, College Station, TX, USA). Results are expressed as mean ± SE unless stated otherwise. Comparisons between the co-twins were made by matched pairs Wilcoxon's rank sum tests. Within-pair differences (Δ) were calculated by subtracting the leaner co-twin's value from the heavier co-twin's value. Spearman's correlations of the within-pair differences in all MZ twins were calculated to assess the relationships of the measures adjusted for genetic influences. Within-pair differences between the two groups of obesity-discordant MZ pairs, those who were discordant and those who were concordant for liver fat, identified based on clear-cut differences visualised in Fig. 1 , were compared using the Mann-Whitney U test. Group 1 denotes obesity-discordant co-twins that are metabolically similar, and group 2 denotes obesity-discordant cotwins where the obese co-twin has high liver fat and metabolic disturbances. The Mann-Whitney U test was used to compare differences between lean participants in group 1 vs group 2, as well as obese participants in group 1 vs group 2. Sex distributions between the groups were tested by the χ 2 test. Because women had higher circulating and adipose tissue transcript levels of leptin than men, analyses on leptin were performed with sex-adjusted values. Multiple regression analyses were performed to detect independent predictors of Δliver fat.
GO enrichment analysis was used to compute hypothesisfree enrichment of GO terms (molecular function) in each of the groups (weight-concordant, group 1 discordant and group 2 discordant). Enrichment analysis was done using Fisher's Exact Test. Fisher's test compares the observed frequency of each present GO term to the frequency in a reference gene set (whole gene array). A GO term is present if some input gene is annotated with the GO term or its descendants. The p values are adjusted using the Benjamini and Hochberg FDR. The GO enrichment analysis was performed using the Anduril data analysis framework [36] and R [37] .
Results
Two distinct groups of obesity-discordant MZ pairs The obesity-discordant pairs had a mean Δweight of 17.4 kg (24%) and large differences in all adiposity measures (Table 1) . However, for liver fat two very distinct subgroups emerged within the obesity-discordant pairs (Fig. 1) . In half of these pairs, the obese co-twins had liver fat percentages as low as those of their leaner co-twins (Δliver fat 8%, Wilcoxon's test between co-twins p =0.21, group 1, Fig. 1, n =8 pairs) , whereas in the other half, the obese co-twins had strikingly increased liver fat content (Δliver fat 718%, p =0.012, group 2, Fig. 1 , n =8 pairs).
Obesity-discordant pairs concordant and discordant for liver fat (Fig. 2a) ). Neither did the groups differ for ΔSAT (Fig. 2b) . However, ΔVAT was larger in group 2 than in group 1 pairs (Fig. 2c) . Examples of twin pairs in each of the groups are presented in ESM Fig. 1 .
Glucose and lipid metabolism and blood pressure In group 1, there were no differences between the obese and lean co-twins in glucose and insulin curves during the OGTT (Fig. 3) . The co-twins also had similar insulin resistance (HOMA-IR, Fig. 2d ) and insulin sensitivity (Matsuda, Fig. 2e ). In group 2, the obese co-twins had a significantly higher AUC for glucose (23%, p =0.028) and insulin (78%, p =0.028) during the OGTT (Fig. 3) , as well as a 119% (p =0.018) higher HOMA-IR and 55% (p =0.028) lower Matsuda index than their lean co-twins (Fig. 2d, e) . The obese co-twins in group 2 had significantly higher LDL-and lower HDL-cholesterol than their leaner co-twins (Table 1) , while in group 1 the circulating lipids did not differ between co-twins. The blood pressure of the co-twins in both groups were similar, but a trend for increased blood pressure was observed in obese cotwins in group 2 ( Table 1) .
The obese co-twins in group 2 had significantly more liver fat (p =0.0008) and VAT (p =0.021), lower Matsuda index (Mann-Whitney U test p =0.006) and higher HOMA-IR (p =0.049) than the obese co-twins in group 1. Lean co-twins in group 2 did not differ from lean co-twins in group 1 in any of the metabolic values. Furthermore, co-twins from the weight-concordant group had similar metabolic measures (Table 1) .
SAT cellularity and gene expression Compared with the leaner co-twins, the obese co-twins had 11% more adipocytes in group 1 (p =0.069) but 8% less in group 2 (p =0.13) and, accordingly, Δadipocyte cell number differed significantly between the groups (p =0.037). The mean adipocyte cell size was increased in all obese co-twins (53%, p =0.017 in group 1 and 69%, p =0.018 in group 2) (Table 1) . Initially, a hypothesis-free GO enrichment analysis was done using the 'Molecular function' category to identify significant pathways. No differences were identified in the group of weight-concordant twins. Group 1 discordant twins differed only for 'structural constituent of ribosome' (GO:0003735) (FDR corrected p =0.016). Next, a mean centroid of this pathway was constructed, revealing a decreased transcriptional activity in every obese co-twin (also in group 2, although not reaching statistical significance) (Fig. 2f) . In contrast, the group 2 obese and lean co-twins differed significantly for mitochondrial pathways in the obese co-twin, namely 'oxidoreductase activity' (GO:0016491) (FDR corrected p =0.045) and 'Cofactor binding' (GO:0048037) (p =0.0096), the latter of which also included several mitochondrial genes. These pathway activities were lower in the obese co-twins and restricted to group 2 (Fig. 2g, h ).
Based on these findings, additional pathways of interest were studied to explain biological differences between groups 1 and 2. Three mitochondrial pathways were selected to represent different aspects of energy handling. All of them were downregulated in the SAT of group 2, but not group 1 obese co-twins: oxidative phosphorylation pathway (p =0.48 in group 1, p =0.028 in group 2) (Fig. 2i) ; BCAA catabolism pathway (p =0.48 in group 1, p =0.018 in group 2) (Fig. 2j) and fatty acid β oxidation pathway (p =1.0 in group1, p = 0.018 in group 2) (Fig. 2k) . Along with decreased catabolism, or clearance of BCAAs, circulating levels of BCAAs were increased in the obese co-twins compared with their lean counterparts (p =0.016), but in within-group analyses the difference was statistically significant only in group 1 twins (Table 1) .
We also tested two pathways relating to SAT enlargement (i.e. triacylglycerol synthesis and adipocyte cell differentiation). The triacylglycerol synthesis pathways did not differ between the obese and lean co-twins' SAT in either of the groups (Fig. 2m) . In contrast, the adipocyte differentiation pathway was significantly downregulated in group 2 obese co-twins (p =0.004), whereas the pathway expressions in group 1 co-twins were similar (p =0.33) (Fig. 2l) . Further, the major transcript responsible for SAT lipolysis, LIPE , suggested that lipolysis was downregulated in group 2 but not in group 1 obese co-twins (ESM Fig. 2a) .
Finally, significantly elevated activity of the chronic inflammatory response pathway (CIRP) was observed in the obese co-twins of group 2 (p =0.028) but not group 1 (p =0.31) (Fig. 2n) . The CIRP pathway was also significantly more active in the obese co-twins from group 2 when compared with the equally obese co-twins from group 1 (p =0.037) (Fig. 2n) . Circulating hsCRP levels also differed between the co-twins only in group 2 (Fig. 2o) .
Adipokines in serum and in SAT In both groups 1 and 2, the obese co-twins had significantly higher SAT expression and plasma levels of leptin than the non-obese co-twins (Table 1 and ESM Fig. 2b ). Comparisons of group 1 and 2 were performed on sex-adjusted values, because both circulating (p <0.001) and SAT leptin mRNA levels (p =0.0095) were higher in women than in men. Despite similar BMI differences, plasma leptin concentrations showed larger intra-pair differences in group 2 than in group 1 (p =0.014) suggesting that circulating leptin levels were disproportionally increased in the obese twins with adipose tissue inflammation and fatty livers. The obese co-twins had lower expression levels of adiponectin in adipose tissue only in group 2 (p =0.018 vs p =0.58 in group 1) (ESM Fig. 2c ). In plasma, Δadiponectin was similar in both groups, but within-pair differences were statistically significant only in group 1 (Table 1) .
Age, sex, lifestyle factors and onset of obesity Groups 1 and 2 were similar with regards to age, sex, smoking habits, alcohol intake, total physical activity and mean daily energy intake (Table 1) . In group 2, sports activity was lower and alcohol intake tended to be higher in the obese than in lean co-twins. The onset of obesity discordance between the two groups was similar (18.8 and 20 .0 years in groups 1 and 2, respectively).
Independent associations of adipose tissue function and liver fat ΔLiver fat correlated with ΔVAT (r =0.40, p =0.038) but not with ΔSAT (r =0.17, p =0.39). Of the metabolic measures studied, Δliver fat correlated with ΔCIRP pathway (r =0.44, p =0.026) and Δplasma leptin (r =0.51, p =0.011). In a multivariate model including both ΔVAT and ΔSAT and confounding factors (twin-pair sex, age and Δsports activity), ΔVAT was the only variable independently explaining Δliver fat (β =4,800±1,600 cm 3 , p =0.007, adjusted R 2 in the whole model 31%, p =0.023). However, when we included the two metabolic measures of SAT that were in univariate analyses associated with Δliver fat (ΔCIRP pathway expression and Δplasma leptin), the results changed completely. The independent contributors to Δliver fat in the subsequent model were ΔCIRP (β = 2.4 ± 1.0, p = 0.025), Δleptin (β = 0.00017 ± 0.000056 pg/ml, p =0.008), age (β =0.29±0.12 years, p = 0.030) and reduced ΔSAT (β =−1,600±600 cm 3 , p =0.017). The whole model explained 48% of variation in Δliver fat (p =0.019).
Discussion
With in-depth phenotyping of the exceptional obesitydiscordant young, healthy adult MZ twin pairs, it became evident that the metabolic responses to obesity differ vastly: half of the obese co-twins exhibited a typical response to obesity, with marked insulin resistance, dyslipidaemia and fatty liver (group 2), whereas the other half of the obese cotwins were metabolically as healthy as their lean co-twins (group 1). In the MHO group the obese and lean co-twins had remarkably similar profiles in numerous measures. Compared with their lean co-twins, despite an average of 17.4 kg higher body weight, the obese co-twins had identical liver fat levels, serum lipid profiles, responses to OGTT, blood pressure and levels of mitochondrial and inflammatory transcript pathways in SAT. In the other group of twin pairs, where the obese state accumulated fat in the liver, all of these measures were clearly disturbed in the obese as compared with lean co-twins.
Earlier studies have already established the accumulation of liver fat as being clearly linked to a disadvantageous metabolic phenotype [12, 14, 15] , in particular to insulin resistance [14, 15] . In the present study, the most pronounced alteration in obese co-twins with high liver fat was the increase in insulin and glucose AUC during the OGTT. We also observed dyslipidaemia within these obese co-twins. All metabolic variables in our study of these young, still healthy, but obese individuals, were within the normal range, which suggests that the increase in liver fat is an early preclinical sign of metabolic disturbances. This was true even though not all obese co-twins exceeded the 5% increase generally considered pathological.
Our study demonstrated that excess fat accumulation in the liver varies among obese individuals. High liver fat can be observed in normal-weight individuals and even in conditions of lipodystrophy where SAT stores are depleted [38] . The mechanisms behind this mismatch are not completely understood. One hypothesis is the inadequate expandability of SAT, which directs lipids into ectopic sites [17] . Decreased lipid storage in SAT has previously been associated with accumulation of VAT in obesity [19] or during overfeeding [20] . Our study further suggests that deficient mitochondrial fat and amino acid oxidation in SAT may be associated with increased liver fat accumulation. Downregulation of mitochondrial metabolism reduces the availability of acetyl-CoA and ATP, key substrates necessary to support de novo lipogenesis [23] and lipolysis [39] within the adipocytes. Mitochondria are thus essential for flexible remodelling of SAT. Our samples were taken in a fasting condition, when no lipogenesis, but rather lipolysis, of SAT is expected. In line with this, the triacylglycerol synthesis pathway was not affected in either of the groups in obesity; in contrast, low LIPE mRNA expression suggested impaired lipolysis in group 2 obese twins. Downregulation of SAT lipolysis may also reflect preferential usage of hepatic lipids in individuals with high liver fat [40] .
As multiple mitochondrial pathways are vital in the adipocyte differentiation process [41] , it is also possible that mitochondrial malfunction impairs the development of new fat cells. This hypothesis was supported by a significantly decreased expression of the adipocyte differentiation pathway and a relative decrease in adipocyte number in group 2 obese co-twins. One possible mechanism behind impaired adipocyte differentiation could be decreased catabolism of BCAAs. Mitochondrial metabolism of BCAAs, especially leucine, stimulates adipocyte growth and differentiation through activation of the mammalian target of rapamycin (mTOR) signalling [42] . Our previous finding of downregulation of SAT BCAA catabolism transcription in obesity [24] was now shown to be restricted to only the group 2 obese co-twins. Decreased adipose BCAA catabolism, or clearance, would lead to a rise in plasma BCAA in obesity [43] , a phenomenon first observed in the 1960s [44] and later found to predict subsequent development of type 2 diabetes [45] .
One of the suspected hallmarks of MHO is a favourable plasma inflammation profile [4] . VAT but not SAT macrophage infiltration was found to distinguish insulin-resistant from insulin-sensitive morbidly obese individuals [10] . On the other hand, levels of SAT inflammatory mRNA markers and lipids were higher in obese women with high liver fat than in equally obese women with normal liver fat content [26] . In the present study, inflammation in both SAT and the circulation characterised metabolically deranged obesity. SAT inflammation, together with hyperleptinaemia and a relative decrease in SAT amount explained liver fat in the multivariate analyses within the twin pairs. Consistent findings of mitochondrial dysfunction and inflammation in SAT in the present and previous studies [24, 46] suggest that these two aberrations may produce a self-perpetuating vicious cycle. Whereas poor mitochondrial function and ATP production may violate the cells and direct them to phagocytosis, inflamed SAT may present a toxic environment for mitochondria and thus further risk the vitality of the tissue.
In rodents, knocking out genes that are involved in the formation of the inflammatory response prevent the development of type 2 diabetes [47] [48] [49] and in humans, use of antiinflammatory medications improves glycaemic control in type 2 diabetes and obesity [50] . In humans, the contribution of genes to the large metabolic variation in response to obesity is not known. Based on the present study, genetic factors determining mitochondrial function and inflammatory reactions may play a role in MHO. We also found some evidence for the role of lifestyle in MHO: the obese twins with metabolic aberrations had lower sports activity and a tendency for higher alcohol use than their lean co-twins but this pattern was not found in the MHO twins.
While this study has several advantages, it also has limitations. Young adult obesity-discordant MZ twins with no major confounding factors, such as medications and diseases, are extremely rare and, despite screening of ten yearly cohorts with well over 5,000 twin pairs, the final sample size was quite small. We did not have biopsies of VAT and liver and had SAT only from the periumbilical location, and thus we were not able to study the tissue-specific metabolism behind the group differences. The gene expression analyses were obtained from whole adipose tissue and contain the stromavascular cells, the independent contribution of which cannot be differentiated from that of the adipocytes. Transcript measurements of relevant genes may not represent functional protein levels. The cross-sectional nature of the study precludes the ability to solidly make cause-and-effect claims. It is also possible that the MHO stage will change with age or with advanced obesity. However, at present the two metabolically distinct groups were of the same age and had similar age of onset of obesity discordance. Weight differences between the groups were similar, but a given weight difference may have different metabolic effects depending on where in the distribution of BMI a pair is located.
In conclusion, in our collection of MZ twin pairs discordant for obesity, the SAT transcript profile in MHO was characterised by the maintenance of mitochondrial function and absence of inflammation. Only those individuals that, along with increased obesity, developed SAT dysfunction (low mitochondrial and high inflammatory transcript activity) had fatty livers and the hallmarks of the metabolic syndrome, impaired glucose tolerance and dyslipidaemia. The adipose tissue of the MHO individuals was characterised by the capability for both hypertrophy and hyperplasia of adipocytes with increasing BMI. Future studies of the MHO phenotype may suggest new potentially druggable targets-with the most proximal intervention point perhaps being improving mitochondrial function and prevention of inflammation in adipose tissue.
